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Abstract 
Identifying mechanisms of molecular adaptation can provide important in-
sights into the process of phenotypic evolution, but it can be exceedingly diffi-
cult to quantify the phenotypic effects of specific mutational changes. To ver-
ify the adaptive significance of genetically based changes in protein function, 
it is necessary to document functional differences between the products of de-
rived and wild-type alleles and to demonstrate that such differences impinge 
on higher-level physiological processes (and ultimately, fitness). In the case of 
metabolic enzymes, this requires documenting in vivo differences in reaction 
rate that give rise to differences in flux through the pathway in which the en-
zymes function. These measured differences in pathway flux should then give 
rise to differences in cellular or systemic physiology that affect fitness-related 
variation in whole-organism performance. Efforts to establish these causal 
connections between genotype, phenotype, and fitness require experiments 
that carefully control for environmental variation and background genetic 
variation. Here, we discuss experimental approaches to evaluate the contribu-
tions of amino-acid mutations to adaptive phenotypic change. We discuss con-
ceptual and methodological issues associated with in vitro and in vivo stud-
ies of protein function, and the evolutionary insights that can be gleaned from 
such studies. We also discuss the importance of isolating the effects of indi-
vidual mutations to distinguish between positively selected substitutions that 
directly contribute to improvements in protein function versus positively se-
lected, compensatory substitutions that mitigate negative pleiotropic effects of 
antecedent changes. 
Keywords: adaptation, biochemical adaptation, compensatory evolution, en-
zyme kinetics, enzyme polymorphism, metabolic adaptation, molecular 
adaptation  
1. Introduction  
To assess whether a given protein-coding mutation has contributed to 
adaptive phenotypic change, it is ultimately necessary to document and ex-
plain the mechanistic basis of fitness variation among alternative single-lo-
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cus genotypes. This is a tall order because adaptive changes in many pheno-
typic traits may be attributable to fitness differentials that fall well below the 
resolving power of “real-time” observational studies. As stated by Gillespie 
(1), “Selection coefficients for single amino acid substitutions as small as 10−4 
to 10−3 are large enough to dominate genetic drift, yet are refractory to direct 
experimental investigations. In other words, most of protein evolution could 
be due to strong natural selection, yet we have no experimental protocol ca-
pable of measuring the selective differences.” However, fitness differences 
among alternative genotypes ultimately stem from allelic differences in the 
concentration and/or biochemical properties of the encoded protein. It will 
often be possible to measure these allelic differences in protein concentration 
or protein function even in cases where the net effects on fitness lie below the 
threshold of experimental detection (2). At the most proximal level of trait 
variation, in vitro tests of protein function can provide mechanistic insights 
into the causal link between genotype and biochemical phenotype. After es-
tablishing this link – and after confirming that experimental results obtained 
in vitro are also manifest in vivo – the next challenge is to assess whether 
the observed change in biochemical phenotype impinges on whole-organism 
performance in a way that affects fitness. 
Identifying the mechanisms by which allelic protein variants contribute 
to adaptation is a difficult task that requires multiple types of information, at 
multiple levels of biological organization. For example, adaptive changes in 
enzyme function can involve modifications of any one of several enzymatic 
properties such as catalytic efficiency, concentration, stability, and sensitivity 
to metabolic regulators, and each aspect can be altered in a number of differ-
ent ways (Figure 1). Moreover, changes in enzyme function do not necessar-
ily affect higher-level physiological phenotypes (e.g., pathway flux).   
Figure 1. Various factors affecting enzyme activity via influence on enzyme concentration 
or catalytic efficiency. Modified from Reference 45.  
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Population-genetic studies of protein polymorphism have traditionally 
focused on kinetic and thermodynamic properties of metabolic enzymes 
– parameters that had been identified as key aspects of enzyme adaptation 
by comparative biochemists (3) and enzymologists (4, 5). This field of study 
eventually expanded to include investigations into regulatory changes in en-
zyme concentration as well as enzyme function (6, 7). The importance of ex-
perimentally confirming the physiological consequences of protein poly-
morphism (8–13) came into especially sharp focus with the development of 
Metabolic Control Analysis, which predicts that change in the catalytic activ-
ity of an individual enzyme can often have negligible effects on steady-state 
pathway flux (14, 15). More recently, advances in molecular biology have 
permitted more detailed investigations into the regulation of protein-coding 
genes (e.g., measurement of transcript abundance) and the relationship be-
tween protein structure and function. 
1.1. The Importance of Elucidating Mechanism in Studies of Adaptation 
Once a given protein-coding gene has been implicated in adaptive phe-
notypic change, why is it important to identify the biochemical/ physio-
logical mechanisms by which the encoded protein exerts its effects on or-
ganismal performance? Beyond the obvious point that such information 
enriches our basic understanding of the biology of adaptation, insights into 
the mechanistic basis of genetic adaptation can also shed light on why par-
ticular genes or particular types of mutations make disproportionate con-
tributions to phenotypic evolution. For example, an understanding of how 
variation in enzyme activity maps onto fitness can potentially explain why 
regulatory and structural mutations differ in their relative contributions to 
adaptive change in flux-based phenotypes, and may also explain why the 
two classes of mutation have different fixation probabilities at different time 
points in multistep evolutionary pathways. The stepwise acquisition of ce-
fotaxime resistance in Escherichia coli involves a combination of coding and 
noncoding substitutions in the β-lactamase gene, and the initial steps are 
consistently attributable to amino-acid substitutions that enhance the cata-
lytic efficiency of the enzyme (16, 17). Regulatory mutants are typically in-
corporated later in the evolutionary pathway because an increased expres-
sion of the enzyme only becomes advantageous once its catalytic efficiency 
has been optimized by the antecedent structural changes (17). In contrast to 
the evolution of antibiotic resistance, in the evolution of flux-limited meta-
bolic pathways, mutations that increase gene expression may often be fixed 
early because an increased enzyme concentration can have a large effect on 
fitness (18). 
Mechanistic studies of genetic adaptation can also provide insights 
into features of adaptive mutations – such as dominance, epistatic inter-
actions, and pleiotropic effects – that exert a strong influence on trajecto-
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ries of evolutionary change. A good example is provided by recent studies 
on the mechanistic basis of adaptive crypsis in lizards from the Chihua-
huan desert (19). In several codistributed species of lizards that inhabit the 
white gypsum dunes of White Sands, New Mexico, the convergent evolu-
tion of blanched, substrate-matching coloration has involved different loss-
of-function mutations in the melanocortin-1 receptor gene (Mc1r). In the lit-
tle striped whiptail lizard, Aspidoscelis inornata, the blanched phenotype is 
associated with an amino-acid mutation in Mc1r that impairs receptor sig-
naling, and in the eastern fence lizard, Sceloporus undulatus, the same phe-
notype is associated with a different amino-acid mutation in Mc1r that pre-
vents the receptor from integrating into the melanocyte membrane. Both 
loss-of-function mutations produce the same blanched phenotype, but the 
mutation in A. inornata is recessive (because the disruption in receptor sig-
naling is compensated by the wild-type allele), whereas the mutation in S. 
undulatus is dominant (because in heterozygotes, cell-surface expression of 
the wild-type receptor is suppressed as a result of dimerization with the 
mutant copy). Although both lizard species are presumably subject to sim-
ilar selection regimes (mediated by visually oriented predators), the dif-
ferences in dominance of the adaptive mutations are reflected by different 
spatial patterns of allele frequency variation across ecotonal transitions in 
substrate color. In these two lizard species, observed differences in the geo-
graphic patterning of Mc1r allele frequency variation only make sense in 
light of experimental findings that revealed differences in the penetrance of 
independently derived, loss-of-function mutations that impair different as-
pects of receptor function. 
As the above examples illustrate, identifying mechanisms of molecular 
adaptation can provide key insights into the process of phenotypic evolu-
tion. Here, we discuss experimental approaches to evaluate the contribu-
tions of protein-coding mutations to adaptive phenotypic change. We dis-
cuss conceptual and methodological issues associated with in vitro and in 
vivo studies of protein function, and the evolutionary insights that can be 
gleaned from such studies. We focus largely on enzymes of intermediary 
metabolism, as this class of proteins has figured prominently in research ef-
forts to establish causal connections between genotype, phenotype, and fit-
ness in ecologically relevant contexts (9–12, 20). Although we focus primar-
ily on the contributions of amino-acid mutations to adaptive phenotypic 
evolution, the issues and experimental approaches that we discuss are also 
applicable to assessments of nonadaptive or maladaptive change. 
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2. In Vitro Studies of Protein Function: Linking Genotype to 
Biochemical Phenotype   
The main function of an enzyme is to catalyze (increase) the rate of a chem-
ical reaction. Thus, the biochemical phenotypes of interest in evolutionary 
studies of enzyme polymorphism include catalytic efficiency and enzyme 
concentration, the two most important factors that influence the rate of an 
enzyme-catalyzed reaction. Catalytic efficiency, which is an intrinsic kinetic 
property of an enzyme, can be broadly defined as the rate at which substrate 
is converted into product per active site of an enzyme molecule under a spec-
ified set of conditions. It is important to keep in mind that noncatalytic as-
pects of enzyme function, such as inhibition or activation by various meta-
bolic regulators, may also contribute to enzymatic adaptation independent of 
catalytic efficiency (e.g., (21)). 
 2.1. Enzyme Kinetics  
The proper interpretation and measurement of kinetic parameters are best 
considered in the context of the Michaelis–Menten equation, the basic equa-
tion of enzyme kinetics (5, 22, 23). In its simplest form, this equation describes 
the velocity of an enzyme-catalyzed reaction involving a single substrate that 
is irreversibly converted into product as a function of two experimentally 
measurable enzymatic parameters, Vmax and KM: 
                                                    
v =
  Vmax  [S]
KM + [S]                                                          (1) 
where Vmax = maximal velocity, [S] = substrate concentration, KM = the Mi-
chaelis constant, defined as the substrate concentration that results in half-
maximal velocity, and v = reaction rate. In addition, Vmax = [E] × kcat; that is, 
maximal velocity consists of two components: enzyme concentration ([E]), 
and the kinetic constant, kcat, or turnover number (i.e., the maximum number 
of substrate molecules converted to product per active site of an enzyme per 
unit time). The right-hand side of the above equation can be decomposed into 
separate components that reflect (a) enzyme concentration [E] and (b) intrin-
sic kinetic properties of the enzyme (terms on the right-hand side of the equa-
tion below): 
                                                  
v =  [E] ×
  kcat × [S]
KM + [S]                                                  (2) 
The most thorough in vitro kinetic comparisons of allelic enzyme variants (al-
lozymes) have measured and standardized [E]. By controlling for variation in 
[E], it is then possible to quantify kinetic differences between alternative allo-
zymes. What are the functional meanings of the kinetic parameters in Equa-
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tion 2? The answer is a bit complex for KM, which has often been incorrectly 
interpreted as a measure of an enzyme’s affinity for its substrate. This may or 
may not be the case depending upon the specific enzyme and substrate under 
consideration (5, 22–24). In the absence of direct data on substrate binding, 
KM is best considered a kinetic component of catalytic efficiency, the other ki-
netic component being kcat. The relative contribution of kcat and KM to the cat-
alytic rate is determined by the substrate concentration [S]. When [S] is very 
low (<0.1 KM), then [S] in the denominator of Equation 2 can be ignored, and 
the kinetic part of the equation reduces to v = (kcat/KM) × [S]. As [S] increases 
to intermediate levels (i.e., [S] = KM), both kcat/KM and kcat contribute to the 
rate of catalysis. Because [S] is thought to range from 1.0 to 0.1 KM in vivo for 
most enzymes of intermediary metabolism (5), the main kinetic contributor 
to catalytic efficiency is kcat/KM alone or some combination of kcat/KM and kcat. 
The most thorough kinetic analyses of allozymes have focused on these ki-
netic constants (25–28). 
Many enzymes catalyze complex reactions that cannot be adequately de-
scribed by Equation 1. For example, dehydrogenase enzymes bind more 
than one substrate (e.g., a cofactor such as NAD+ or NADP+, as well as a 
substrate specific for the particular enzyme). Although the rate equations 
for such enzymes contain additional terms, simplifying assumptions of-
ten have been used to reduce these more complex equations to the form of 
Equation 1 (e.g., (25)). Many enzymes also catalyze reversible reactions, but 
again, the analyses have often been simplified by considering the reaction in 
only one direction. 
A more comprehensive and realistic analysis of enzyme catalytic effi-
ciency has been formulated by Albery and Knowles (4), which does not re-
quire any simplifying assumptions regarding the relative magnitude of KM 
and [S]. Rather than focusing on kcat/KM alone, estimated values for kcat and 
KM are used in the full Michaelis– Mention equation to compare reaction ve-
locities of enzymes across a range of substrate concentrations that occur in 
vivo. In addition, the approach of Albery and Knowles (4) considers the reac-
tion velocity in both directions, and the primary focus is the net conversion of 
substrate to product in one direction. This more comprehensive type of anal-
ysis was used in a pioneering study of the PGI (phosphoglucose isomerase) 
polymorphism in Mytilus edulis (26, 29). 
Finally, it is important to understand the limitations associated with 
measures of Vmax/KM. Standard steady-state kinetic analysis provides esti-
mates of KM and Vmax, from which kcat is estimated using the relationship: 
kcat = Vmax/[E] (see above). However, estimation of kcat requires knowledge 
of enzyme concentration [E], which in turn requires completely purified en-
zyme. Since the purification of enzymes to homogeneity is often nontrivial, 
some studies have focused on allelic differences in Vmax/KM in the absence 
of information on kcat/KM (30, 31). The problem with this approach is that 
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allelic differences in Vmax/KM do not necessarily reflect intrinsic functional 
differences between the alternative allozymes. As discussed above, Vmax is a 
composite parameter that reflects kinetic properties of the enzyme (kcat) as 
well as enzyme concentration [E]. Furthermore, genetic variation in [E] can 
be caused by background genetic variation independent of the structural lo-
cus that encodes the allozyme (e.g., cis- or trans-acting regulatory factors; 
(32)). Thus, while allelic differences in kcat/KM are due to intrinsic kinetic 
differences between the allozymes, the same is not necessarily true for mea-
sured differences in Vmax/KM. Although measures of Vmax/KM are impor-
tant for understanding the relative catalytic power of allozymes in vivo due 
to the combined effects of enzyme kinetics and enzyme concentration, it is 
important to quantify the relative contributions of [E] and kcat/KM to varia-
tion in Vmax/KM. 
A discussion of experimental methods for estimating enzymatic param-
eters is beyond the scope of this article (for more detailed treatments, see 
refs. 22 and 29). A key aspect of in vitro kinetic measurements is that assay 
conditions should mimic in vivo conditions as much as possible with re-
spect to pH, temperature-pH relations, ionic strength, the presence of var-
ious osmolytes, etc. (3, 23, 29). In addition to catalytic aspects of enzyme 
function, regulatory properties (e.g., inhibition by various metabolites) may 
often represent key factors in enzyme adaptation. For example, PGI allo-
zymes of the sea anemone Metridium senile are differentially inhibited by 
the pentose-shunt metabolite 6-phosphogluconate (21). This allozyme-de-
pendent inhibition results in differential diversion of carbon through the 
pentose shunt versus glycolysis, possibly playing a role in allozyme-depen-
dent lipid biosynthesis. Finally, it is important to make biochemical com-
parisons between enzyme variants of known amino-acid sequence. Allo-
zymes were originally characterized by their electrophoretic mobility, and 
it is now widely appreciated that electromorphs often contain a substantial 
amount of amino-acid sequence heterogeneity that could have functional 
consequences (20, 33). Failure to adequately deal with “cryptic variation” 
can result in erroneous conclusions regarding adaptive biochemical differ-
ences between allozymes and the geographic patterning of allele frequency 
variation (34, 35). Many classic studies of allozyme polymorphism have in-
volved kinetic characterizations of PGI electromorphs of unknown amino-
acid sequence (21, 26, 30, 31), and subsequent DNA-based studies of PGI 
polymorphism in a number of different animal taxa have revealed substan-
tial levels of cryptic amino-acid variation within the previously character-
ized electromorphs (20, 33). 
A number of studies of enzyme kinetics have been motivated by the re-
sults of electrophoretic surveys that revealed striking, locus-specific pat-
terns of clinal variation or correlations with particular environmental 
variables (9, 20, 36, 37). In particular, latitudinal clines in allele frequency 
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suggest the hypothesis that adaptive modifications of enzyme function are 
mediated by factors that are directly or indirectly related to temperature. Of 
these studies, the best examples involve kinetic analyses in which the prod-
ucts of alternative alleles were purified to homogeneity: ADH and G6PD in 
Drosophila melanogaster, LDH-B in Fundulus heteroclitus, and PGI in the blue 
mussel, M. edulis (25–27, 38). In each of these polymorphisms, significant al-
lelic differences in kcat/KM and its components were identified. These kinetic 
data provided the motivation for tests of specific physiological hypotheses 
regarding allozyme-dependent in vivo function (see below). In the case of 
the ADH and G6PD polymorphisms, functional characterizations were per-
formed on allozymes that were known to differ by a single amino acid. The 
ADH-F allozyme exhibited a higher kcat for ethanol than the ADH-S allo-
zyme (38), implicating an enhanced ability of the ADH-F allozyme to me-
tabolize alcohol. Relative to G6PD-A, the G6PD-B allozyme exhibited a re-
duced KM for glucose-6-phosphate, which is expected to result in a 40% 
higher kcat/KM in vivo, and greater flux through the pentose shunt, the path-
way in which this enzyme functions. For the Mytilus PGI and Fundulus LDH 
polymorphisms, significant temperature-dependent differences in kcat/KM 
or overall catalytic efficiency could be interpreted in light of the observed 
latitudinal clines in allele frequency.  
2.2. Enzyme Concentration  
As discussed previously, in vivo measures of enzyme activity (e.g., Vmax/
KM) may reflect differences in enzyme kinetics (kcat/KM), differences in en-
zyme concentration ([E]), or both. In addition, regulatory variation in en-
zyme concentration can result from cis- and/ or trans-acting factors, which 
also need to be distinguished (see Chapter 18). Studies of the ADH and G6PD 
polymorphisms in D. melanogaster and the LDH polymorphism in F. heterocli-
tus involved especially thorough examinations of variation in [E] and its un-
derlying causes. 
In the case of the G6PD polymorphism in D. melanogaster, activity differ-
ences between the two main allozymes were not attributable to differences 
in [E] or kcat (27, 39). In the case of the ADH polymorphism in D. melanogas-
ter, the consensus of many studies is that a significantly higher concentration 
of ADH protein occurs in AdhFF compared with AdhSS genotypes, and this dif-
ference accounts for most of the difference in allozyme-specific activity (6). 
Site-directed mutagenesis studies indicated that the fast/slow amino-acid 
change responsible for the difference in kcat between the ADH-F and ADH-
S allozymes does not affect enzyme concentration (32, 40). Instead, allelic dif-
ferences in enzyme concentration appear to be largely attributable to a small 
insertion–deletion polymorphism in the first intron that is in strong linkage 
disequilibrium with the fast/slow amino-acid polymorphism (41).  Thus, 
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variation in ADH activity among genotypes appears to be attributable to ep-
istatic interaction between a single amino-acid polymorphism and one or 
more closely linked noncoding polymorphisms. Stam and Laurie (42) sug-
gested that multiple polymorphic sites within the Adh gene may be targets 
of selection. Interestingly, no differences in mRNA transcript abundance or 
in vivo rates of enzyme degradation were observed between the AdhFF and 
AdhSS genotypes (6, 43), so the mechanistic basis of the observed variation in 
ADH enzyme concentration remains unknown. 
In the case of the LDH polymorphism in Fundulus, allozyme-associated 
differences in transcript abundance and enzyme concentration stem from al-
lelic differences at one or more closely linked cis-regulatory elements (7, 44). 
The difference in LDH enzyme concentration makes a much greater contri-
bution to the in vivo rate of catalysis than does the difference in kcat/KM. Fi-
nally, in an analogous study involving crickets (Gryllus firmus), the activity 
of the lipogenic enzyme NADP+- isocitrate dehydrogenase differs dramati-
cally between alternative genotypes that differ in life history and lipid bio-
synthesis. In this case, in vivo differences in enzyme activity appear to be 
produced solely by genetic differences in transcript abundance and [E], but 
not kcat/KM (45, 46).   
 3. In Vivo Studies of Protein Function: Linking Genotype to 
Whole-Organism Physiological Performance  
To verify the adaptive significance of an enzyme polymorphism, it is nec-
essary to demonstrate that biochemical differences between the products of 
alternative alleles give rise to differences in higher-level physiological pro-
cesses (and ultimately, fitness) (2, 8, 9, 11). It is important that these studies 
be conducted in vivo under ecologically relevant conditions. There are two 
reasons why such investigations are especially important. First, the seminal 
studies of Kacser and Burns (14, 15) and subsequent studies (reviewed in refs. 
10, 13, 47, 48) have demonstrated that enzyme activity often exhibits a highly 
nonlinear (hyperbolic) relationship to pathway flux (Figure 2). Thus, even 
large changes in enzyme activity often result in only minimal changes in flux. 
For this reason, the effect of allozyme variation on pathway flux needs to be 
demonstrated experimentally. 
Another reason to carefully consider the physiological context of gene 
function relates to recent discoveries that enzymes and other types of pro-
teins, such as receptors and transmembrane channels, often have unex-
pected functions that are distinct from their “traditional” roles, a phenome-
non termed “moonlighting” (49, 50). For example, several enzymes involved 
in intermediary metabolism also function as secreted regulators of vari-
ous processes such as growth or differentiation (e.g., PGI, cytochrome C). 
This phenomenon underscores the importance of examining the physiolog-
386   Storz & zera in Molecul ar Methods for evolutionary Genet ics (2011) 
ical consequences of protein variation and keeping an open mind with re-
spect to the specific aspects of physiology that are chosen for investigation. 
For example, consider a polymorphic enzyme that is known to function in 
a particular metabolic pathway. If allelic variation in enzyme function is as-
sociated with some fitness-related measure of organismal performance in 
the absence of any detectable effects on pathway flux, then it is probably 
worth investigating whether the fitness effects stem from some unantici-
pated structural or functional role of the enzyme that is independent of the 
enzyme’s known role in metabolism. These considerations are also relevant 
to cases where indirect evidence for the locus-specific effects of positive se-
lection (based on comparisons of polymorphism and/or divergence at syn-
onymous and nonsynonymous nucleotide positions) is not associated with 
detectable differences in protein function (e.g., (51)). Such cases suggest the 
possibility that the apparent effects on fitness stem from unexamined pro-
tein functions that are only tangentially related to the experimentally as-
sayed properties.  
 
3.1. Effects of Allelic Enzyme Variants on Pathway Flux and Higher Level 
Physiological Processes  
What higher-level physiological effects do we need to document to draw 
firm conclusions about the adaptive significance of a given enzyme poly-
morphism? Ideally, we would like to verify that the products of alternative 
alleles exhibit in vivo differences in reaction rate and that this difference, in 
Figure 2. Relationships between activity and pathway flux for components of lactose ca-
tabolism in E. coli. Solid line = β-galactosidase, dashed line = permease. In the case of 
β-galactosidase, a 50% decrease in activity results in a negligible (0.5%) decrease in path-
way flux. In the case of permease, by contrast, the same decrement in enzyme activity re-
sults in a 13% decrease in pathway flux. Modified from Reference 10.
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turn, results in a physiologically significant difference in flux through the 
pathway in which the enzyme functions. Moreover, measured differences 
in pathway flux should be consistent with the allelic differences in enzyme 
kinetics that are measured in vitro (9–11). Differences in pathway function 
should then give rise to differences in cellular or systemic physiology that 
can ultimately be traced to some fitness-related measure of whole-organism 
performance.  
In an experimental study of the G6PD polymorphism in D. melanogaster, 
Eanes (52) used an ingenious genetic manipulation to unveil allelic differ-
ences in enzyme activity between lines that were co-isogenic for 98% of the 
genome. A number of radio-isotopic studies have demonstrated flux differ-
ences through various pathways in metabolism caused by allelic variation in 
the G6PD and ADH enzymes of D. melanogaster. For example, the higher ac-
tivity of the G6PD-B allozyme is associated with greater pentose shunt flux 
relative to the lower activity G6PD-A allozyme (39, 53). For ADH in D. mela-
nogaster, no flux differences were observed between ADH-F and ADH-S allo-
zymes in the overall conversion of ethanol to triglyceride (energy storage) or 
CO2 (energy utilization) in adults (54). However, significant differences were 
observed in the conversion of ethanol to triglyceride and a variety of other 
metabolites in juveniles (55, 56). These results suggest that the main fitness 
effects of the ADH polymorphism are manifest in the juvenile life stage and 
may result from the enhanced ability of the AdhFF genotype to convert alcohol 
to triglyceride. 
The relationship between enzyme activity and pathway flux has been 
most thoroughly studied by Dykhuizen, Dean, and colleagues in E. coli, fo-
cusing on polymorphic genes of lactose metabolism in chemostats (10, 13). 
In this single-celled organism, flux through the metabolically simple (3 en-
zymes/proteins) lactose catabolic pathway is proportional to growth (cell di-
vision) and fitness under lactose-limiting conditions. Thus, these studies si-
multaneously characterize the effect of allozyme variation on pathway flux 
and fitness, using lines that controlled for genetic background. In their land-
mark studies, Dykhuizen and Dean (10, 13) found that naturally occurring al-
lozymes of β-galactosidase exhibit almost no effect on pathway flux (Figure 
2), thus indicating that these allozymes are selectively neutral.  
4. The Chain of Causation Linking Genotype, Phenotype, and 
Fitness  
To isolate the phenotypic effects of a specific gene, it is necessary to control 
for environmental variation as well as background genetic variation. Even at 
the most proximal level of phenotypic variation, the functional effects of spe-
cific proteins can be modulated by changes in the intracellular environment 
(e.g., temperature, pH, and the presence of cofactor molecules). 
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In vertebrates, fine-tuned adjustments in blood–oxygen affinity can play a 
key role in matching cellular oxygen supply and demand. These adjustments 
may be mediated by changes in the intrinsic oxygen affinity of hemoglobin, 
changes in the responsiveness of hemoglobin to allosteric cofactors that mod-
ulate oxygen affinity (organic phosphates, H+ and Cl− ions), and/or changes 
in the concentrations of these various cofactors within the erythrocyte (57). 
Allosteric ligands preferentially bind and stabilize the deoxy conformation of 
the hemoglobin tetramer, thereby decreasing blood–oxygen affinity by shift-
ing the allosteric equilibrium in favor of the low-affinity, deoxy quaternary 
structure. In hypoxia-tolerant animals that have evolved elevated blood–ox-
ygen affinities, a common mechanism of hemoglobin adaptation involves 
structural changes that suppress sensitivity to the inhibitory effects of alloste-
ric cofactors (58–60). For example, deer mice (Peromyscus maniculatus) that are 
native to high altitude are characterized by an elevated blood–oxygen affinity 
that helps safeguard arterial oxygen saturation under hypoxia. Experimental 
studies of purified hemoglobin revealed that the elevated blood–oxygen af-
finity of high-altitude mice is largely attributable to structural modifications 
of hemoglobin that suppress sensitivity to 2,3-diphosphoglycerate (a metab-
olite of glycolysis) and Cl− ions (61, 62). The important point is that insights 
into the mechanistic basis of the adaptive blood phenotype required oxygen-
binding experiments on purified hemoglobin. Measuring the oxygen affin-
ity of whole blood can yield physiologically relevant information, but such 
measures by themselves cannot be related to changes in hemoglobin struc-
ture because they are confounded by environmental effects as well as possi-
ble genotype–environment interaction effects (Figure 3). This echoes the point 
made earlier about the importance of disentangling genetic and environmen-
tal components of variance when comparing in vivo measures of Vmax/KM 
among enzyme variants. 
It becomes especially challenging to control for environmental variation 
and background genetic variation when investigating the effects of specific 
genes on higher-level physiological processes (as discussed above for stud-
ies of pathway flux). In practice, the functional effects of protein-coding genes 
can be isolated by means of forward genetics (i.e., controlled crosses, includ-
ing the construction of recombinant inbred lines [RILs] or nearly isogenic 
lines [NILs]) or reverse genetics (the direct manipulation of gene sequence 
[e.g., targeted gene replacement] or manipulation of gene expression [e.g., 
RNAi and gene insertion]). In many cases, isolating the effects of individual 
genes is not sufficient to identify the specific mechanism of molecular adapta-
tion. As discussed below, it is often necessary to isolate the effects of individ-
ual mutations. It is also necessary to measure the functional effects of individ-
ual mutations—singly and in different multisite combinations—to address 
questions about the dynamics of adaptive walks (e.g., What is the distribution 
of phenotypic effect sizes among adaptive substitutions? What is the role of 
epistasis in constraining the selective accessibility of mutational pathways to 
high-fitness genotypes?).  
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4.1. Isolating the Effects of Individual Mutations  
In cases where specific protein-coding genes are known to contribute to 
adaptive variation in a particular trait, the products of alternative protein al-
leles are often distinguished from one another by multiple amino-acid sub-
stitutions. To cite just a few examples, in the malaria parasite Plasmodium 
falciparum, derived alleles at the dihydrofolate reductase gene that confer py-
rimethamine resistance are distinguished from the wild-type susceptible al-
lele by four amino-acid substitutions (63). In E. coli, derived alleles at the 
β-lactamase gene that confer cefotaxime resistance are distinguished from 
the wild-type susceptible allele by a combination of four amino-acid substi-
Figure 3. Oxygen-equilibrium curves of human blood and environmentally induced 
changes in blood–oxygen affinity under hypoxic conditions at high altitude (4,559 m). 
Solid curves represent measured values for arterial blood (P50 (the partial pressure of ox-
ygen [PO2] at which hemoglobin is 50% saturated) = 26 torr, upper section) and venous 
blood (P50 = 27.5 torr). The broken curves depict the effects of increased DPG concentra-
tion (↑DPG) at unchanged pH, increased pH (↑pH) at unchanged DPG, and the decreased 
tissue pH (↓pH) that results from metabolic acidosis in the tissues. Open and shaded ver-
tical columns denote the oxygen unloaded at sea level (venous PO2 = 25 torr) and at high 
altitude (4,559 m; venous PO2 = 15 torr), respectively. Displacements of the oxygen-equi-
librium curve are attributable to environmentally induced changes in DPG and pH in red 
blood cells. For example, at high altitude, the increased red cell concentration of DPG pro-
duces a rightward shift of the curve (i.e., reduced oxygen affinity), and this may be partly 
counteracted by the effects of respiratory alkalosis (↑pH). Modified from Reference 58.  
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tutions and one noncoding substitution (16). In the sheep blowfly Lucilia cu-
prina, a derived allele at the E3 esterase gene that confers diazinon resistance 
is distinguished from the wild type, susceptible allele by five amino-acid sub-
stitutions (64). In deer mice, differences in hemoglobin–oxygen affinity be-
tween high- and low-altitude populations are attributable to the independent 
or joint effects of eight amino-acid mutations in the α-chain subunits of the 
hemoglobin tetramer and four mutations in the β-chain subunits (61, 62, 65, 
66). Such cases prompt an obvious question: Are allelic differences in protein 
function typically attributable to one or two causative mutations, or do the 
differences in biochemical phenotype depend critically upon the additive or 
epistatic effects of all mutations in combination? More generally: Are adap-
tive modifications of protein function typically attributable to a small number 
of mutations at key positions, or many minor mutations of individually small 
effect? To answer such questions, it is necessary to isolate the functional ef-
fects of individual mutations.   
In some cases, the history of recombination in a given population sam-
ple may provide a number of naturally occurring sequence variants in which 
the mutations of interest are essentially randomized against different genetic 
backgrounds. By judiciously choosing which specimens to use as a source of 
purified protein for in vitro studies (on the basis of genotypic data), it may 
be possible to isolate and test a subset of the most important multisite com-
binations of mutations. In cases where recombination has not provided a suf-
ficient number of naturally occurring sequence variants to make the com-
parisons of interest, it is necessary to use a protein- engineering approach 
to isolate the functional effects of individual mutations. This can be accom-
plished by means of site-directed mutagenesis, followed by in vitro expres-
sion and purification of recombinant protein for experimental studies. This 
experimental approach opens up exciting possibilities for reconstructive in-
ference in studies of protein evolution. For example, it is possible to produce 
recombinant proteins with primary structures that represent inferred ances-
tral states (67) or unobserved, intermediate mutational steps in evolutionary 
pathways (16, 63).  
4.2. Epistasis and Compensatory Substitutions: When Adaptive Walks 
Take Two Steps Forward and One Step Back  
Even if an advantageous change in protein function can be attained 
by means of a single substitution at a key position in the active site, such 
changes may often require additional compensatory substitutions to off-
set negative pleiotropic effects of the original change. These compensatory 
mutations may be neutral or deleterious by themselves—they are only ad-
vantageous when preceded by the initial, function-altering substitution. By 
definition, the fitness effects of compensatory mutations vary as a function 
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of the genetic background in which they appear. This context-dependence, 
therefore, represents a special form of epistasis that can influence the selec-
tive accessibility of mutational pathways through sequence space (68–70). 
If compensatory substitutions are pervasive, then in comparisons between 
the products of alternative alleles—or in comparisons between the prod-
ucts of orthologous genes in different species—it may often be exceedingly 
difficult to determine which substitutions were responsible for producing 
the primary adaptive improvements in protein function and which substi-
tutions represent secondary compensatory changes. Experimental studies 
of protein function involving different multisite combinations of mutations 
will also be required to identify seemingly “compensated” genotypes that 
do not actually involve the correction of individually deleterious mutations 
(71, 72). 
A number of recent comparative studies provide indirect evidence 
for the pervasiveness of compensatory substitutions by identifying cases 
where a pathogenic amino-acid mutation in one species appears as the 
wild-type amino acid at the same site in the orthologous proteins of other 
species. In order for potentially pathogenic mutations to become fixed, 
compensatory substitutions must have occurred at other sites in the same 
protein, or possibly even in different, interacting proteins (73–75). The for-
mer case seems to be more common, as evidence from a phylogenetically 
diverse array of organisms indicates that deleterious mutations and their 
associated compensatory mutations typically occur in the same gene and 
they also tend to be nonrandomly clustered in the tertiary structure of the 
encoded protein (76, 77). 
The phenomenon of compensatory epistasis highlights the importance 
of considering structure–function relationships in multiple dimensions. In 
many cases, trade-offs between protein function and particular biophys-
ical properties can be predicted based on principles of structural biology. 
Since catalytic activity requires mechanical flexibility, many aspects of pro-
tein function, protein stability, and aggregation propensity are intrinsically 
linked (78, 79). The latter two properties are interrelated because destabiliz-
ing mutations lead to a reduced ratio of folded and unfolded molecules, and 
the increased cellular concentration of unfolded molecules results in an in-
creased rate of aggregation. The important implication is that evolutionary 
changes in catalytic activity will often have negative pleiotropic effects that 
require compensatory mutations to restore stability and/or resistance to ag-
gregation. In bacterial pathogens, mutations that confer antibiotic resistance 
often have negative side effects on stability and aggregation. Thus, the evo-
lution of drug-resistant bacteria often involves numerous compensatory 
substitutions that offset the destabilizing effects of substitutions at catalytic 
residues. In E. coli, for example, primary substitutions in the β-lactamase 
gene that increase cefotaximine resistance are typically coupled with stabi-
lizing/ aggregation-inhibiting substitutions at residues remote from the ac-
tive site (78, 80). 
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Compensatory epistasis has important implications for the rate and mode 
of protein evolution, and it also poses interpretive challenges for microevo-
lutionary studies of molecular adaptation. It may be that adaptive modifica-
tions of protein function (catalytic efficiency, ligand affinity, etc.) can often 
be achieved through a small number of substitutions at key residues, but the 
resultant perturbations of other biophysical properties may require numer-
ous compensatory substitutions at remote sites. In such cases, both types of 
substitutions may be attributable to positive, directional selection, but substi-
tutions of the latter type are only beneficial on specific genetic backgrounds. 
This highlights the important point that positive selection does not necessar-
ily produce adaptive improvements in protein function – the conditionally 
beneficial compensatory substitutions may simply maintain the status quo 
with respect to structural stability or other biophysical properties. In com-
parative studies of sequence evolution, bursts of compensatory substitutions 
could produce an elevated level of protein divergence relative to neutral ex-
pectations, but most of the changes contributing to the elevated divergence 
may not have any direct effects on protein function. This point is seldom ap-
preciated in comparative studies that seek to identify specific codons that 
have experienced an excess of nonsynonymous substitutions, as evidence for 
positive selection on coding sequence is often implicitly equated with evi-
dence for adaptive evolution of protein function.  
4.3. Future Prospects  
Noteworthy successes in establishing causal connections between genotype, 
phenotype, and fitness come from studies of single-locus protein polymor-
phisms that have clearly defined effects on whole-organism physiological 
performance (2, 11, 12, 23, 81, 82). With the advent of genomic, transcriptomic, 
and proteomic technologies, efforts to dissect the mechanistic basis of fitness 
variation have expanded to focus more on adaptive changes at the level of 
whole pathways or networks, rather than functional properties of individ-
ual proteins (48, 56). Genomic analyses of sequence variation and expression 
variation in metabolic pathways can be expected to shed light on long-stand-
ing questions in evolutionary biology (e.g., What is the relative role of struc-
tural vs. regulatory changes in adaptive evolution?). Such studies can also be 
expected to push new questions to the forefront (e.g., How does the pathway 
position of a given protein influence its evolutionary dynamics?). Indeed, 
population genomic studies at the pathway or network level can be expected 
to make important contributions to the developing field of evolutionary sys-
tems biology. The simultaneous examination of multiple pathway compo-
nents in a population-genetic framework should also provide important in-
sights into the evolution of complex traits (e.g., floral pigmentation (83, 84); 
intermediary metabolism in insects (45, 85–90)). 
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